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〔目的〕
Background:	Loco-regional	hyperthermia	treatment	has	long	history	in	oncology.	Modulated	electro-hyperthermia	 (mEHT,	 trade	 name:	 oncothermia)	 by	 its	 highly	 selective	 actions	 is	 an	emerging	curative	treatment	method	in	this	field.	Its	clinical	results	excellently	show	its	advantages,	 however	 the	 details	 of	 its	 mechanism	 are	 under	 intensive	 investigation	even	now.	Oncothermia	research	group	conducts	investigations	at	all	levels	of	scientific	research,	 from	 in	 vitro	 studies	 to	 preclinical	 studies.	 The	 impedance	 matched,	capacitive	 coupled	modulated	 radiofrequency	 (RF)	 current	 targets	 the	membrane	 of	the	malignant	cell,	using	a	self-selective	process	of	energy	concentration.	Our	goal	was	to	demonstrate	the	mEHT	effects	 in	cellular	(in	vitro)	 in	tissue	(in	vivo)	and	also	 in	a	real	 preclinical	 level.	 We	 also	 investigated	 the	 special,	 non	 temperature-dependent	effects	 of	 the	 applied	 RF	 field	 to	 reveal	 the	 molecular	 mechanism	 of	 action	 of	 the	applied	electro-hyperthermia	treatment.	
〔方法並びに成績〕	
Methods:	
In	vitro	U937	human	histiocytic	 lymphoma	 cell	 line	was	used	 for	 the	 experiments.	 In	 case	 of	conventional	 hyperthermia	 treatment	 cells	 were	 immersed	 into	 a	 thermoregulated	water	 bath	 while	 in	 case	 of	 RF	 heating,	 the	 cells	 were	 treated	 using	 a	 special	 RF	generator	 with	 a	 platinum	 electrode	 equipped	 slideflask	 applicator.	 The	 heating	dynamics,	the	treatment	duration	(30	min)	were	exactly	the	same	in	both	cases.		In	the	first	experimental	series,	the	biological	response	of	the	heat	treatments	was	compared	in	different	 temperature	 levels	 from	39oC	 to	46oC.	 In	 the	second	series	 the	maximum	reached	temperature	was	42oC	in	both	cases	and	the	fine	molecular	mechanism	were	analyzed	 using	 different	 flow	 cytometric	methods,	microarray	 gene	 expression	 assay	and	western	blot.			
In	vivo	StudyI	We	have	studied	comparatively	the	effect	of	conventional	hyperthermia	and	mEHT	on	HT29	 (human	 colorectal	 cancer)	 cell	 line	 xenografted	 to	 both	 femoral	 regions	 of	BalbC/nu/nu	mice.	The	temperature	was	kept	 in	both	(classical	and	oncothermia)	on	42	 (±0.5)	 °C,	while	 the	 heating	 and	 cooling	 dynamism	was	well	 controlled	 and	 kept	equal.	 The	 classical	 hyperthermia	 heating	 was	 infrared	 radiation,	 and	 the	 mEHT	treatment	 was	 performed	 using	 a	 special	 laboratory	 device	 (Lab-EHY).	 Four	experimental	groups	were	 formed;	each	had	7	animals.	The	groups	were:	(1)	control,	(2)	 radHT	42°C,	 (3)	mEHT	42°C,	 (4)	mEHT	38°C.	 (The	Group	(4)	was	obtained	by	an	intensive	cooling	down	of	the	tumor	during	the	treatment.)		Study	II.		Animal	model	 and	mEHT	 treatment	were	 the	 same	 as	 in	 the	 previous	 study	 but	 the	sampling	was	made	after	0,	1,	4,	8,	14,	24,	48,	72,	120,	168,	216	h	in	3	mice	each	group	by	keeping	5	animals	as	sham	treated	controls.	Histomorphological	analysis	(HMA)	and	immunhistochemistry	(IHCH)	and	TUNEL	assay	were	performed	to	analyze	samples.		
論 文 内 容 の 要 旨 
Study	III.	In	 this	study	we	examine	the	effect	of	mEHT	 in	a	Colon26	(murine	colorectal	cancer)	cell	 line	 derived	 allograft	 mouse	 tumor	 model.	 A	 single	 shot	 30min	 oncothermia	treatment	 was	 done	 reaching	 maximum	 42oC	 intratumoral	 temperature,	 using	 the	LabEHY	system.	Animals	were	sacrificed	at	6H,	24H,	72H,	and	120H	later	and	tumors	were	 removed.	All	 time-group	 there	were	3	 treated	animals	and	1	untreated	control.	Samples	were	evaluated	using	complex	histomorphological	and	immunohistochemiocal	methods.	
Preclinical	Using	 VetEHY	 system	 in,	 we	 treated	 dogs	 and	 cats	 having	 different	 kind	 of	 tumors	under	 supervision	 of	 professional	 vet	 oncology	 specialists.	 The	 VetEHY	 device	 as	 a	research	 tool	 has	many	 new	 technical	 solutions	 to	measure	 the	 extended	 amount	 of	electromagnetic	and	thermal	parameters	during	the	treatment.	
Results:	
In	vitro	Definite	 difference	 was	 observed	 in	 the	 biological	 response	 to	 different	 heat	treatments.	 The	 mEHT	 treatment	 can	 induce	 significant	 apoptotic	 cell	 death	 in	 3oC	lower	temperature	range	than	conventional	hyperthermia.	At	42oC	temperature	range,	mEHT	 induced	 40%	 apoptotic	 cell	 death	 ratio	 while	 in	 conventional	 heating	 and	untreated	control	samples	this	ratio	were	5%.	The	GeneChip	analysis	revealed	a	whole	cluster	 of	 cell	 death	 related	 genes,	 which	 are	 highly	 upregulated	 in	 case	 only	 of	 RF	heating,	 but	 not	 in	 conventional	 heating.	 The	 western	 blot	 analysis	 revealed	 the	activation	of	both,	extrinsic	and	intrinsic	apoptotic	signaling	pathways	in	mEHT	treated	cells.		
In	vivo	Study	I.		We	 had	 observed	 definite	 and	 significant	 differences	 on	 tumor	 destruction	 effect	 by	mEHT	 compared	 to	 its	 classically	 heated	 counterpart	 in	 all	 of	 the	 cases.	 The	 mEHT	treatment	is	observed	to	be	more	effective	in	vivo,	to	destroy	the	tumor	structure	than	its	 classical	 counterpart.	We	had	 shown	 the	 thermal	 enhancement	 ratio	 (TER)	 of	 the	cell-killing	 is	 2.9	 as	 well	 as	 the	 field	 enhancement	 ratio	 (FER)	 without	 temperature	changes	 was	 measured	 as	 3.2.	 However	 their	 complex	 application	 increased	 the	therapeutic	enhancement	to	9.4,	which	was	a	significant,	robust	change.		Study	II.		Significant	 cell	 death	 response	 upon	mEHT	 treatment	was	 accompanied	 by	 the	 early	upregulation	 (4-h	 post-treatment)	 of	 heat	 shock	 protein	 (Hsp70	 and	 Hsp90)	 mRNA	levels.	 In	 situ,	 the	 treatment	 resulted	 in	 spatiotemporal	 occurrence	 of	 a	 	 damage	associated	 molecular	 pattern	 (DAMP)	 protein	 signal	 sequence	 featured	 by	 the	significant	 cytoplasmic	 to	 cell	 membrane	 translocation	 of	 calreticulin	 at	 4	 h,	 Hsp70	between	14	and	24	h	and	Hsp90	between	24-	and	216-h	post-treatment.	The	release	of	high-mobility	 group	 box1	 protein	 (HMGB1)	 from	 tumor	 cell	 nuclei	 from	 24-h	 post-treatment	and	its	clearance	from	tumor	cells	by	48	h	was	also	detected.	
Study	III	In	 this	 study	 drastic	 and	 selective	 tumor-destruction	 was	 detected	 24H	 after	 mEHT	what	 became	more	 emphasized	 after	 48H	 and	 72H.	 In	 the	 dead	 tumor	 area	 a	 huge	number	of	TUNEL-positive	 cells	were	observed,	 as	well	 as	 extremely	high	number	of	apoptotic	 bodies.	 In	 a	 very	 interesting	 way	 the	 number	 of	 Ki-67	 positive	 cells	 were	significantly	decreased	in	the	living	part	of	the	treated	tumor	compared	to	the	control	tumors.	
Preclinical	Shrinkage	of	tumor	size,	decreasing	the	tumor-associated	pain	and	improvement	of	the	quality	of	life	of	the	animals	were	observed	after	OTM	monotherapy	treatments.	.	More	emphasized	beneficial	effects	were	observed,	when	OTM	was	used	in	combination	with	low	 dose	 chemotherapy	 (carboplatine).	 During	 these	 treatments	 we	 had	 collected	many	treatment-related	electromagnetic	parameters	which	can	help	to	reveal	their	role	in	 a	 treatment-induced	 biological	 response.	Using	 the	 results	 of	 these	measurements	we	 can	 optimize	 the	 technical	 solutions	 of	 further	 developments	 of	 the	 oncothermia	devices.	
〔総括〕	
Conclusions:	
In	vitro	These	experiments	have	clearly	showed	that	conventional	hyperthermia	and	mEHT	can	result	 different	 biological	 response	 at	 the	 same	 temperature	 level.	 The	 reason	 of	 the	difference	 is	 the	 distinct,	 inhomogenous	 energy	 distribution	 on	 the	 cell	 membrane	what	 activates	 cell-death	 related	 signaling	 pathways	 in	 mEHT	 treatment	 but	 not	 in	conventional	heat	treatment.		
In	vivo	mEHT	 treatment	 can	 significantly	 destroy	 the	 tumor	 tissue	 in	 a	 large	 volume	 of	 the	tumor	even	with	single	 shot	way.	mEHT	 treatment	 induce	apoptotic	 cell	death	 in	 the	destroyed	tumor	tissue	and	effectively	inhibit	cell	proliferation	in	the	living	part	of	the	tumor.	 	 The	mEHT	 induced	 tumor	 cell	 death	 has	 a	 highly	 immunogenic	 feature	 and	these	 results	 can	be	 the	 strong	 scientific	 theoretical	basis	 to	develop	a	 special	mEHT	treatment-based	 immunotherapeutical	 approach	 to	 fight	 against	 not	 just	 solitaire	tumors,	but	malignant	metastatic	disease.	
Preclinical	The	newly	developed	oncothermia	device	can	be	a	new	hope	to	cure	companion	animal	cancer	patients.	The	VetEHY	device	is	a	powerful	research	tool	to	understand	the	role	of	 critical	 electromagnetic	 parameters	 to	 improve	 the	 mEHT	 also	 in	 human	 clinical	practice.		
学 位 論 文 審 査 の 要 旨 
【背景】 
 がん温熱療法（ハイパーサーミア）は癌組織が熱に弱いことを利用した治療法で難治
性癌の治療に利用され、特に放射線や化学療法との併用で一定の効果を得ている。しか
し、高出力電磁波加温装置を用いても標的組織を 43 oC 以上に加温することが難しく、
また、施術患者管理など課題もある。そこで、低出力で変調電磁波を用いた“オンコサ
ーミア“法 (modulated electro-hyperthermia が学術名、以下 mEHT と称する)が開発
され欧州を中心に臨床に用いられ有効例が報告されているが、作用機序には不明な点も
多く、その詳細な解明が必要とされている。そこで、Gabor Andocs氏は mEHTの温度非
依存性効果に注目して、分子レベルから実験腫瘍までの一連の実験を行った。 
【材料と方法】 
 培養細胞として、アポトーシス誘発モデル細胞としてヒトリンパ腫 U937 細胞を用
いた。mEHT処理には特別に開発した白金電極を装着した 13.56MHz培養細胞処理用アプ
リケータを用い、通常の温熱処理には恒温水槽を用いた。温度測定には直径 0.5 mm の
蛍光式光ファイバー温度計を使用した。温度範囲は 39～46 oCであり、比較実験時は 42 
oCで実施した。アポトーシスはフローサイトメトリー、ウエスタン・ブロット法等で調
べ、網羅的遺伝子発現の検討には GeneChipを用いた。 
動物実験には、ヒト大腸癌細胞株 HT29を Balb Cヌードマウスの大腿部に移植し、mEHT 
処理時には 2 cm 直径の平板電極を使用した。対照の温熱処理(HT)には遠赤外線を使用
した。実験群は１）対照群、２）HT 42 oC, ３）mEHT 42 oC, および mEHT 38 oCとした。
また、必要に応じて処理後 216時間後まで継時的に試料を採取した。また、マウス結腸
癌 Colon26を用いた同種移植モデルでも検討した。評価に際しては通常の組織学的検討
に加えて免疫組織学的検討、TUNNEL染色による検討を行った。 
【結果】 
１） U937細胞を用いた検討では、mEHTで 42 oC処理を行った場合に有意な（約 40％）
アポトーシス誘導を認めたが、通常の温熱処理では約 5％で、対照群と同様であ
った。温度可変実験の結果では、mEHT処理は温熱処理に比べて約 3 oC低い温度
で、同等のアポトーシスを誘導できた。 
２） 網羅的遺伝発現解析でも mEHT処理は温熱処理と明らかに異なる遺伝子発現変化
を認めた。 
３） 担癌マウス実験では、mEHT 処理により明らかな腫瘍細胞死を示す形態像が観察
された。48時間後の腫瘍細胞死領域の面積で比べると mEHT処理は温熱処理に比
べて約 3倍大きかった。組織の遺伝子発現の検討では、mEHT処理 4時間後で、
 Hsp70 および Hsp90 mRNA の発現増加を認めた。免疫組織学的検討では Hsp70, 
Hsp90, DAMP （Damage associated molecular patterns）,カルレチキュリン, 
HMGB1 (High-mobility group box 1)の発現の増加が特徴的であった。 
４） mEHT処理における細胞死像を呈する部分ではTUNNEL陽性細胞が多く認められる
とともに、アポトーシス小体も観察された。また、生存腫瘍細胞部分では、Ki-67
陽性細胞数が顕著に減少した。 
 
【総括】 
１） mEHT処理は同一温度で比較すると優位にアポトーシスを誘導し、これを指標に 
 した両者の同一効果での温度の違いは約 3 oCであった。 
２） 実験腫瘍を用いた検討では、mEHT処理は通常の温熱処理に比べて、顕著な腫瘍
 組織の損傷を引き起こすとともに、有意なアポトーシスを誘発した。また、腫
 瘍細胞が生存した組織での増殖阻害効果も示した。 
３） mEHT処理は変調電磁波を用いることで、通常の温熱処理に比べて、より低い温
 度で抗腫瘍効果を示し、副作用の低減化を図り効率的な治療が可能と思われ、
 優れた治療様式と思われる。 
 
 難治性癌治療は現代医療での喫緊の課題であり、本研究は既存のハイパーサーミア療
法の課題を克服した新規癌治療法である。研究は分子レベルから細胞レベル、そして異
種移植および同種移植担癌モデルを用いた組織レベルで行われており、得られた成果は
新規性が高く、学術的価値もある。今後、ヒトでの臨床効果の検討結果によるが、mEHT
は新規の難治性癌治療法の一つとして有望と思われ、臨床的発展性が期待される。 
 以上より本審査会は本論文を博士（医学）の学位に十分値すると判断した。 
